In an isolated population of Drosophila melanogaster on Ishigaki Island the chromosomal distribution of several retrotransposons, including copia, 412, 297, 17.6, I, and jockeys elements, was examined by in situ hybridization.
Introduction
Transposable elements are the pieces of DNA that can move from one site to another in the genomes of both prokaryotes and eukaryotes. Some transposable elements move replicatively via an RNA intermediate and following reverse transcription.
These elements are called retrotransposons (Charlesworth et al. 1994) . These elements include copia-like elements that have long terminal repeats (LTR) at both ends and LINE-like elements such as Z, F, and jockey elements in Drosophila melanogaster (Finnegan and Fawcett 1986) . The length of these elements are mostly in the range of 2-9 kb. In some other elements such as P and hobo elements in Drosophila melanogaster, transposition is mediated by the transposase encoded by the elements themselves. The functional and biological significance of the transposable elements for the organisms is not yet known; however, these transposable elements are known to be a major mutator factor in a broad range of organisms.
Transposable elements can directly disrupt gene functions by being inserted into either the functional domains or into nearby transcription initiation sites. They can also pro-mote chromosome rearrangements as the result of ectopic recombination.
Furthermore, the Z element as well as the P and hobo elements are known to induce gonadal dysgenesis under certain mating systems (Bregliano et al. 1980) . Models of population-dynamics theory of transposable elements have been proposed (Charlesworth and Charlesworth 1983; Ohta 1986 ). The transposition rate is a basic parameter for evaluating these models and assessing their role in adaptive evolution. Recently, several attempts have been made to estimate the transposition rate of several transposable elements (Woodruff et al. 1987; Eggleston et al. 1988; Harada et al. 1990; Nuzhdin and Mackay 1994) . These studies show that retrotransposons are generally stable and excisions rarely occur. However, there are very few cases in which experiments have been designed strictly to estimate the transposition rates in natural populations. We examined chromosomal distribution of several retrotransposons in a natural population of Drosophila melanogaster in Ishigaki Island in Japan. Ishigaki Island (lat. 24" N and long. 124" E) is located 447 km southwest of Okinawa and is isolated from the mainland of Japan. Extensive genetic studies have been done on this population including inversion frequencies (Watanabe and Watanabe 1977) , allozyme polymorphisms (Yamaguchi et al. 1980) , genetic variation in polygenic characters such as bristle numbers (Ichinose et al. 1992) , viability Tachida et al. 1983 ; Suh and Mukai 199 1 ), and restriction site polymorphisms (Koga et al. 199 1) . The frequency of the Zn(2L)t-carrying chromosomes in this population was estimated to be 0.55 (Watanabe and Watanabe 1977) . Adapting the known recombination rate in the aGpdh region to that of the allozyme frequency, it is estimated that Zn(2L)t-carrying chromosomes are descended from either one or only a few ancestral chromosomes that were introduced about 1,000 generations ago ). When they are heterozygous with standard sequence chromosome, inversions limit recombination within and nearby regions. Considering the age of the inversion to be relatively short, the inverted region is thought to be fairly monomorphic to the distribution of transposable elements. New insertions or deletions of the elements and the occurrence of recombination will vary their distribution. Based on these considerations we examined the distribution of the elements in the Zn(2L)t chromosomes and inversion-free chromosomes. We were thus able to demonstrate the original position of the elements in Zn(2L)t. We then further estimated the transposition rates in the natural population.
Material and Methods

Experimental Lines
About 400 females were captured in the central area of Ishigaki city, Ishigaki Island, Okinawa in Japan in May 1990 and were placed individually in vials containing standard cornmeal-molasses-agar medium establishing isofemale lines. Flies were reared at 25°C. The karyotypes were examined for a total of 126 isofemale lines using salivary gland polytene chromosomes of third instar larvae. The preparations were stained with lactoaceto-orcein. Up to eight slides per isofemale line were prepared to detect the presence of the inversion. Zn(2L)tcarrying chromosomes were found in 53 isofemale lines. Five lines with a standard gene arrangement were also identified. In order to determine the chromosomal location of the transposable elements, crosses were made between one male from each of the 53 isofemale lines and a cn bw (cinnabar, 2-57.5; brown, 2-104.5; Lindsey and Zimm 1992) or a Canton-S wild-type female. The inverted regions could be readily identified in these crosses because of the formation of an inversion loop. In each cross the chromosomal location of the transposable elements was determined by in situ hybridization. Two Fl progeny larvae were used to score for each element. The chromosomal location of the elements was also determined for the cn bw and Canton-S stocks so that we could choose an appropriate female parent to avoid the overlapping of the elements in either the same or nearby sites. Preparations for detecting the copia, Z 7.6, and Jockey elements were made from Fl larvae obtained from a single cross to the cn bw stock, and preparations for the 412,297, and Z elements were made from a cross to the Canton-S stock.
Plasmids
Plasmid E4 was used as a probe for the copia element while plasmids 412, 17.6, and 297 la were used as the probes for the 412, Z 7.6 and 297 elements, respectively (Harada et al. 1990 ). Intact plasmid ~I407 (Bucheton et al. 1984 ) was used as a probe for the Z element. Plasmid BN2-32 was used as a probe for the Jockey element (Harada et al. 1988 ).
In situ Hybridization
The plasmid DNAs were labeled with biotin-1 ldUTP by nick translation (Rigby et al. 1977 ) using a Bionick labeling kit (BRL). The hybridization solution contained 20 ~1 of 20X SSC (1 X SSC = 0.15 M NaCl/ 0.0 15 M sodium citrate, pH 7.0), 40 ~1 of 50% (wt/vol.) dextran sulfate, 100 pl of formamide, 8 l.~l of carrier DNA (salmon sperm DNA at 10 mg/ml), and 1 pg of biotin-labeled probe DNA in a total of 200 ~1. This solution was heated in boiling water for 5 min and quickly cooled on ice just before use. Salivary gland chromosomes were denatured in an alkaline solution (0.07 N NaOH) for 2 min. A hybridization solution (20 ~1) was applied to slides and sealed with a cover slip. The slides were incubated for 12 h at 37°C in a moist chamber. The probes were detected using a detection kit (BluGene, BRL).
Results and Discussion
The distributions of the transposable elements in the left arm of the second chromosome (2L) of the Zn(2L)t-carrying chromosomes and in the inversion-free chromosomes are shown in figures 1 and 2, respectively. It is clear that some sites within the Zn(2L)t region (breakpoints, 22D3-E 1, 34A8-9; Lindsey and Zimm 1992) are occupied by these elements at a very high frequency. These sites are not the hot spots of insertion. The corresponding sites in the standard chromosomes had either no copies or only a few copies of the elements ( fig. 2) . The less frequently occupied sites in the inverted regions were thus apparently introductions by either transposition or by recombination. As a control, the distribution of the copia element on the chromosome arm 2L in the Raleigh, N.C., population (K. Harada, unpublished data) is also shown (fig. 3 ). The distribution of the occupied sites is very much different from that of the Ishigaki population. There are no frequently occupied sites in Zn(2L)t regions and the distribution is almost identical with inversion-free chromosomes. These observations suggest that Zn(2L)t-carrying second chromosomes in the Ishigaki population descended from a A total of 12 frequently occupied sites were identified for the six transposable elements. There are two such sites for the copia element (23F and 26D) and for 412 (26C and 32A). There are also three such sites (24F, 26A, and 33C) for 297, while there is only one site (30C) for 17.6. There are two such sites (25A and 28B) for the I element and two sites (25D and 25F) for the jockey element. The distribution of the elements in these frequently occupied sites is summarized in table 1. These sites are considered to be the original insertion sites of the ancestral chromosome because every inversion-carrying chromosome contains insertions in at least one of these sites. We designate this major arrangement of the occupied sites to be the original haplotype.
The age of the inversion in the Ishigaki population was estimated as follows (see Mukai et al. 1980) . The recombination rate between Zn(2L)t and the aGpdh locus (a-glycerol phosphate dehydrogenase: map position, 2-17.8; cytological location, 26A) (Lindsey and Zimm 1992 ) was estimated to be 0.022% (Mukai and Voelker (Mukai and Voelker 1977) . The difference in allele frequency in the inversioncarrying and the standard chromosome at generation n is shown by the following formula (Nei and Li 1980) :
where do is the difference of the allele frequency in the first generation and c represents recombination value between the gene and the inversion. Applying the values given above, the formula was solved for n. The age of the inversion is then estimated to be 1,052. This estimate was based on the allozyme data obtained in 1976 and 1977, and there must have been additional generations in 1990. The average temperature over a year in Ishigaki Island is 23.7"C (Higa 1983) . The average generation time in a constant laboratory condition at 25°C is about 2 wk. Thus, more than 200 generations had passed in 1990. We estimated the age to be 1,400 generations in 1990.
The original sites not occupied by transposable elements are considered to be sites where the loss of the elements occurred. The total number of the copies lost 21  22  23  24  25  26  21  28  29  30  31  32  33  34  35  36  37  38  39 from these sites for the total of 53 inversion-carrying these three lines the goodness of fit of the distribution chromosomes is 26,3 1,43, 16, 17, and 26 for the copia, of the number of elements lost to Poisson distribution 412, 297, I 7.6, I, and jockey elements, receptively. Three was examined. The chi-square value was 6.33 with 5 of the lines, 202, 239, and 240, had a multiple loss of degrees of freedom and this was not statistically sigthe elements from the original sites over a fairly long nificant. This means that loss of the excision of the distance. The loss of elements occurred in the region element in each chromosome is independent of the from 23F of copia to 30C of Z 7.6 in line 202, from 28B excision in each other chromosome, that is, there is of Z to 33C of 297 in line 239, and from 25A of Z to 32A no common ancestry in the loss. Effective size of the of 412 in line 240. The number of elements lost from Ishigaki population was estimated to be 4,500 based these regions are 10, 4, and 9 for lines 202, 239, and on the lethal mutation frequency . 240, respectively. This multiple loss of elements is most This is fairly large and the assumption mentioned probably caused by double crossing over. After excluding above can be justified. chromosomes. Chromosomal location of the copia elements was determined on the second chromosome lines collected from Raleigh, N.C., in 1984. Nineteen lines were used for the detection in both the Zn(2L)t and standard chromosomes.
The Zn(2L)t region is shown by a line with arrowheads on both ends.
The mean excision rate is then estimated (table 2).
Here we assume that there is no fitness deference between presence and absence of transposons. This point will be further discussed later. The mean excision rates are similar each other in the copia-like elements (i.e., copia, 412, 297, and Z 7.6 elements). The pooled excision rate estimated in the mutation accumulation lines for the copia, 412, and Z 7.6 is 7.5 1 X low6 (Harada et al. 1990 Similarly the lower 99% confidence limits for the copia, which had the lowest rate among these elements in the natural population, is 8.83 X lo-'. Thus, the rate is significantly higher in the natural population compared to the mutation accumulation lines. The pooled excision rate for the LINE-like elements (i.e., Z and jockey elements) is 1.29 X lop4 per site per generation in the natural population.
No Z element excision occurred in the laboratory after 48,000 site generations (Harada et al. 1990) , and only one jockey excision occurred in 296,400 site generations (Harada et al. 1988 ). On the average, the excision rate for these two elements is 2.91 X lop6 per site per generation and its upper 99% confidence limit is 2.17 X 10e5. This value is about one order lower than that obtained in the natural population.
The lower 99% confidence limit for the pooled LINE-like elements in the natural population is 7.8 1 X 10m5. Thus, the excision rate in the natural population is significantly higher than that of the mutation accumulation lines. The excision rates are similar among the copia-like elements, while somewhat lower in the LINE-like element. The pooled excision rate for the copia-like elements is 2.0 1 X 10m4 per site per generation, whereas the rate in the LINE-like elements is 1.29 X 10P4. The difference is not significant at I%, but it is significant at 5% (x2 = 5.00, d.f. = 1). The excessive rate of excision in the copia-like elements may be caused by "LTR excision." The actual mechanism of excision for the copialike elements is not known, however; some fraction of these excisions may be caused by a single-site recombination between the 5' and 3' LTRs leaving one LTR at the insertion site. The reported length of LTR is 276, 48 1, 4 15, and 5 12 base pairs (bp) for the copia, 412, 297, and Z 7.6 elements, respectively (Bingham and Zachar 1989) . Thus LTR excisions are too small to be detected by the in situ hybridization technique (limit about 500 bp) and scored as excisions. The mechanism of excision in the LINE-like elements is also not known. An extremely low rate or no excision was reported in Z element (Eggleston et al. 1988; Harada et al. 1990 ) as well as in jockey element (Harada et al. 1988 ). This supports the view that the transposition of the Z and jockey element is replicative and does not accompany excision as in the P element transposition (Engels et al. 1990; Gloor et al. 1991) .
Many newly occupied sites were observed in the Zn(2L)t region ( fig. 1) . The average copy number for the total genome, except the centromeric region, was also determined (table 2) . Defining the insertion rate as the number of newly gained copies for each genomic element (Eggleston et al. 1988 ) and assuming the inverted region to be 1 l/ 102 of the total genome, this rate was estimated and is summarized in table 2. Here, the lines in which a double crossing over probably occurred (202, 239, and 240) were not included.
The values for the copia-like elements are fairly close to each other and pooled insertion rate is 7.40 X 10m4 per element per generation.
Insertion rate estimated for the Z 7.6 element in the laboratory was 1.94 X 1 Om4 (Harada et al. 1990) . No new insertions of copia and 412 elements in the mutation accumulation lines were observed.
The upper limit of insertion for the 17.6 53  37  36  45  42  38  40  38  43  44  37  37  40 p Number of original insertion sites that were occupied by the elements. b Number of lines that had the same configuration of transposon insertion in the original sites. c The chromosomal location of 23F and 26D was occupied by the copia. The location of 26C and 32A was occupied by the 412. The location of 24F, 26A and 33C was occupied by the 297. The location of 30C was occupied by the 17.6. The location of 25A and 28B was occupied by the I. The location of 25D and 25F was occupied by the jockey. The number 1 indicates that the site is occupied by the element. The number 0 indicates that the site is not occupied.
d Line numbers are given. ' The excision rate is defined as no. excisions per occupied site per generation and calculated by solving the following formula: (I -p)l*m = 1 -a/n, where p is the excision rate and a and n are the number of elements lost and the number of total chromosomal sites, respectively. b Data represent the copy number on the euchromatic chromosome arms. ' Data are the means (&SEs). d Insertion rate defined as no. insertions per copy per generation and calculated by [no. of element gain X (102/ 1 I)]/(50 X average copy no. X 1,400). element at the 99% confidence level is 3.30 X low4 in the mutation accumulation lines. In the natural population the lower-limit insertion for the Z7.6 element at the 99% confidence level is 6.54 X 10P4. Thus, the rate obtained for the natural population is significantly higher than the rate estimated in the mutation accumulation lines. There are at least two major groups of copia-like elements in Drosophila with respect to the terminus sequences of LTRs. These two groups differ regarding insertion site specificity and the tRNA primer-binding site (Bingham and Zachar 1989) . One group has LTRs containing the sequence TG at one terminus and CA at the other. This group of transposons usually has no apparent target site specificity. The copia and 412 elements are in this group. The other group has LTRs containing the sequence AG at one terminus and CT at the other. This group of transposons is often inserted in ATA as a target site. The 297 and Z7.6 elements are in this group. A relatively higher insertion rate was observed in the Z7.6 elements in the laboratory population; however, in the natural population no apparent difference was observed between these two groups.
The insertion rates for the LINE-like elements are similar to those of the copia-like elements. There was no statistical difference in the rate of Z and jockey element in the natural population. Much more frequent insertion occurred in Z elements in the laboratory (ca. 1 X 10e3 per element per generation, Harada et al. 1990 ). This probably occurred because the crosses in mutation accumulation lines were the combination inducing the I-R hybrid dysgenesis. Because the insertion rate of Z element is largely depend on the strains, we excluded the case of Z element from the analysis. The insertion rate estimated for the jockey element in the laboratory is 3.84 X 10e5 (Harada et al. 1988 ). The upper 99% confidence limit is 1.32 X 10e4. The lower 99% confidence limit insertion rate for the jockey element in the natural population is 7.72 X 10P4. Thus, the rate in the natural population is also significantly higher than that in the mutation accumulation lines.
There are several reasons to believe that both excision and insertion rates are overestimated in this experiment. We assumed above that three lines, 202,239, and 240, were the only lines in which double crossing over occurred. However, there are several other lines that had a sequential loss of the elements in the Zn(2L)t region, although the length is much shorter. Twentyfour such additional sequential losses occurred in 20 of the lines. Thus, 20 regions lost two elements and four regions lost three elements. These loss might be caused by double crossing over. Another reason is that the age of the Zn(2L)t-carrying chromosome in the Ishigaki population could be underestimated.
The estimated age of 1,400 generations has a large variance. However, the range can be set by several other observations.
There is no significant difference in the frequencies of linked lethal between the inversion-carrying and standard chromosomes . In addition, the distribution patterns of viabilities of the homozygous Zn(2L)t-carrying and the homozygous standard chromosomes are almost identical . Because about 200 generations are required to reach nearequilibrium state for these characters (Mukai 1979) , it is supposed that more than 200 generations have passed since the Zn(2L)t-carrying chromosome was introduced into this population.
Furthermore, it is shown that the genotypic variance estimated for both the sternopleural and abdominal bristle number is larger in the standard chromosomes than in the Zn(2L)t-carrying chromosomes (Ichinose et al. 1992 ). Because about 2,000 generations are required for such genes to equilibrate (Mukai 1979) , this indicates that the age of the inversion is not more than 2,000 generations.
Assuming all multiple loss of the elements was caused by double crossing over and the age of the Zn(2L)t-carrying chromosomes to be 2,000, we recalculated the rates for a conservative estimation. The net element loss excluding the regions in which sequential element loss had occurred was 12, 15, 2 1, 10, 8, and 18 for the copia, 412, 297, I 7.6, I, and jockey elements in the total of 53 lines, respectively. The mean excision rates was then calculated to be 6.99 X 10m5, 9.12 X 10e5, 8.32 X 10w5, 1.20 X 10m4, 4.30 X 10V5, and 1 .O 1 X 1 0m4 per site per generation for the copia, 412, 297, 17.6, Z, and jockey elements, respectively. The pooled excision rate for the copia-like elements is thus 8.63 X 10m5 per site per generation. The lower 99% confidence limit of this value is 5.98 X 10m5. This value is still significantly higher than the value obtained in the mutation accumulation lines. Similarly the pooled excision rate for the Z and jockey elements is 7.15 X 10m5. The lower 99% confidence limit is 4.04 X 10e5. This value is again significantly larger than that obtained in the Z and jockey elements in the laboratory (Harada et al. 1990 ). In addition to these reasons, the insertion rate may be overestimated because the value represents the average for only the euchromatic donor sites on all chromosomes. All the elements studied here also have copies in the centromeric region. This probably accounts for some portion of the excess in the higher rate of insertion compared with excision. However, most of the elements residing in the centromeric region are suggested to be defective (Bucheton et al. 1984; Kim et al. 1994 ) and may not undergo transposition. Because it is difficult to estimate the number of copies in the centromeric region by in situ hybridization, we are not continuing this problem. It is reasonable to assume that the proportion of the elements introduced into the Zn(2L)t region by double crossing over from the standard chromosome is equal to the proportion of the elements that are lost from the original site by double crossing over. Thus, the average rate of exchange by double crossing over becomes 0.116 (=74/( 12 X 53)). We also assumed the generation number to be 2,000 for the conservative estimation. The total number of the newly introduced elements for the 53 lines is 208, 18 1, 173, 193,206, and 203 for the copia, 412,297, 17.6, I, and jockey elements, respectively. The insertion rate for the copia, 412, 297, 17.6, I, and jockey elements is then calculated as 4.96 X 10-4, 4.24 X 10-4, 4.18 X 10-4, 4.94 X 10-4, 5.55 X 10e4, and 4.89 X 10e4 per element per generation, respectively. The pooled insertion rate for the copia-like elements is 4.58 X 1 0m4 per element per generation. The lower 99% confidence limit of this value is 4.16 X 10e4 per element per generation. The lower 99% confidence limit of jockey element is 4.05 X 10m4 per element per generation. Thus, the insertion rates in both the copialike elements and the jockey element are significantly higher than the values obtained in the laboratory.
Higher rates in both excision and insertion in the natural population may be caused by fluctuations of the environment. The transposition of retrotransposons has been reported to be enhanced by environmental stress such as heat shock (Strand and McDonald 1985; Ziarczyk and Best-Belpomme 199 1; Ratner et al. 1992 ) and virus infection (Gazaryan et al. 1984) . Nonrandom mutation rates have been observed in bacteria and yeast under certain nonlethal selections (see reviews of Foster 1993; Lenski and Mittler 1993) . It has been suggested that some type of balancing selection is operating at a fraction of viability polygene loci in Ishigaki Island Tachida et al. 1983) . It is possible that transposable elements are acting as viability polygenes (Harada et al. 1990 ) and their transposition rates, both in excision and insertion, increase corresponding to the environment change. Transcription of retrotransposons is controlled by the host genes temporally and spatially (Smith and Corces 199 l) , and, therefore, those genes could control the transposition of the elements. Another possibility is that the host genes that control the transcription of these elements were fixed for low transcription activity in the mutation accumulation lines. This possibility may however, be ruled out because reported transposition rates in laboratory populations (Woodruff et al. 1987; Eggleston et al. 1988; Nuzhdin and Mackay 1994) are similar to those obtained in our laboratory.
It is surprising that the frequency of the elements in the original sites is fairly constant among elements and among the sites within the elements. This shows that no apparent negative or positive selection exists on certain sites. A stable equilibrium in copy number requires either a regulation of the transposition rate in response to the copy number per genome or a balance between the increase of the copy number and the decline of fitness. According to the model of Charlesworth ( 1985) the average fitness was calculated using the following formula: w = exp -G(u~ -v).
(2)
Here ri is the mean copy number of an element of a given family in the individual at equilibrium state, while u,-and Y, respectively, represent the insertion rate of the individual carrying n^ elements of that family and the excision rate of the element. The average fitness decline was then 1.2% and 1.4% for the copia-like and LZNElike elements, respectively. Thus, the fitness effect of single element loss or gain is very small. If, however, all the families of transposons, consisting of 50 or so families that are known to be harbored in Drosophila, have the same effect, the total fitness decline may be too large for the population to tolerate. This shows that either the copy number in the inverted region has not reached a state of equilibrium or epistatic interaction exists among the transposable elements that lower the fitness decline.
